Metabolic scaling (i.e., the relationship between the size and metabolic rate of organisms) has been suggested to explain a large variety of biological patterns from individual growth to species diversity. However, considerable disagreement remains regarding the underlying causes of metabolic scaling patterns, and what these patterns are. As in all biology, understanding metabolic scaling will require understanding its evolution by natural selection. We searched for evidence of natural selection on metabolic scaling indirectly by manipulating the genetic quality of male and female Drosophila montana flies with induced mutations and inbreeding, building on the notion that mutations and inbreeding will cause predictable changes in characters under directional selection. Irradiation-induced mutations had no effect on the examined traits, most likely because of purging at an early stage. However, inbreeding increased the energy use of larger females, suggesting that selection has favoured low metabolic scaling in females. Inbreeding did not affect metabolic scaling of males. Together, our results suggest that natural selection on metabolic scaling acts differently on the sexes, depending on the relative importance of body size and energetic efficiency to individual fitness. The results call attention to the important notion that size-specific energy use can be an evolutionarily malleable trait.
Introduction
Metabolic scaling (i.e., the relationship between the size and metabolic rate of organisms) is an important question in ecology (Gillooly et al., 2001; Whitfield, 2004; Karasov & del Rio, 2007) with ramifications from the flux of chemicals to biodiver-sity and from molecular evolution to population dynamics. For example, metabolic scaling models seem to explain global biodiversity patterns, and when models are combined with temperature effects, they do well in predicting resource consumption rate and furthermore population densities (reviewed in Whitfield, 2004) . Metabolic scaling is usually described by the function R = aM b , where R is the resting metabolic rate, a is a normalization constant, M is body mass, and b is the scaling coefficient. Metabolic scaling has been intensely studied and debated, with two conflicting approaches vying for acceptance by the scientific community. The first approach proposes that metabolic scaling is determined by universal physiological laws that are common to all organisms and explain all patterns of metabolic scaling. The most influential proposed laws derive from volume/surface ratio, predicting a scaling coefficient of 2/3, and from vascular geometry, predicting a scaling coefficient of 3/4 (see Agutter & Wheatley, 2004; Glazier, 2005) . The competing approach suggests that metabolic scaling patterns observed across species arise as by-products of intraspecific optimization. The proponents of the latter approach suggest that the relationship between the size of an organism and its use of energy is subject to natural selection, with different ecologies selecting for different metabolic scaling patterns in different species (Kozlowski & Weiner, 1997; Purvis & Harvey, 1997) .
More recently, empirical evidence has accumulated showing that metabolic scaling varies widely among species (Bokma, 2004 ) and higher taxa (White et al., 2007; Capellini et al., 2010; Isaac & Carbone, 2010) , between the sexes (Strauss & Reinhold, 2010) , and among different metabolic states (Glazier, 2009) . These findings make a strong case against theories of universal physiological laws determining metabolic scaling. However, the question of whether metabolic scaling is under natural selection has not been frequently addressed (Ketola & Kotiaho, 2012) . Although the current debate about metabolic scaling mostly considers interspecies metabolic scaling (e.g., Agutter & Wheatley, 2004; Glazier, 2005; Banavar et al., 2010) , the evolution of metabolic scaling patterns needs to be resolved by studying metabolic scaling within species, as natural selection primarily acts on fitness variation among individuals within a species.
When the genetic quality of individuals is manipulated, for example through induction of mutations or through inbreeding, fitness is predicted to decrease. Decrease in fitness following inbreeding is mostly caused by the expression of recessive deleterious alleles in homozygous genotypes (Charlesworth & Charlesworth, 1987) . Life-history traits closely related to fitness usually exhibit inbreeding depression (Derose & Roff, 1999) , while, crucially, traits not closely related to fitness are not expected to display directional change following genetic manipulations (Falconer & Mackay, 1996) . Also induction of random mutations by ionizing radiation should result in decrease in fitness, as new mutations are much more likely to disrupt the function of an organism than to improve it (Eyre-Walker & Keightley, 2007) . Thus, when a trait responds to manipulation of genetic quality, this indicates that the trait has been under directional selection, and the direction of selection has been opposite to the direction of change caused by the manipulation of genetic quality (Falconer & Mackay, 1996; Ketola & Kotiaho, 2009; Ketola et al., 2013) .
Even though genetic manipulations provide a method to study past selection pressures, very few studies have used genetic manipulations to study selection on metabolic rate. However, some evidence suggest that selection has favoured low metabolic rates, as inbreeding has been found to increase the metabolic rate in crickets, voles, and butterflies (Ketola & Kotiaho, 2009; Boratyński et al., 2012; Mattila et al., 2012) . Studies on the effects of genetic manipulations on metabolic scaling are almost completely absent. However, Ketola & Kotiaho (2012) found that in crickets, metabolic rate increased faster with body mass in inbred than in outbred individuals, suggesting that natural selection has operated to reduce the slope of metabolic scaling. From the few available studies it is, however, premature to draw strong conclusions about selection on metabolic rate, let alone on metabolic scaling. More empirical evidence on these questions from a variety of systems is thus direly needed.
We manipulated the genetic quality of individuals by two methods: by inducing random mutations with ionizing radiation, and by increasing homozygosity with inbreeding. We then studied the effects of these manipulations on the components of the metabolic scaling equation: body mass (M), resting metabolic rate (R), and the metabolic scaling coefficient (b) in Drosophila montana flies to resolve whether any of these components of metabolic scaling have been under directional selection. Especially, since metabolic rate is nearly always linked with body mass, the effects of genetic manipulation on metabolic rate could depend on the size of the organism. Metabolic efficiency may be especially important for larger individuals who require more energy to sustain their body size (Blanckenhorn, 2000) . If this is indeed the case, genetic manipulations should have an effect of increasing the coefficient b of the metabolic scaling function.
Materials and methods
The laboratory stock of Drosophila montana flies used in the study originated from Kawasaki, Japan, ca. 70 generations ago. The stock has been mass-reared for the last ∼50 generations (∼6 years, see Pekkala et al., 2009 for more details), and is thus expected to be adapted to lab conditions. To obtain flies for the mutation manipulations, we collected 1-4 days old virgin individuals from the stock. Individuals were sexed under light CO 2 anaesthesia and maintained segregated by sex. At the age of 4-7 days, males were randomly assigned to two groups: "Induced Mutations" and "Control" (table 1) . Males in the Induced Mutations treatment received 40 Grays of gamma radiation at the Radiology Hospital of Central Finland Health Care District in Jyväskylä. Males in the Control treatment did not receive radiation but were otherwise treated identically.
The mating scheme to manipulate inbreeding is shown in fig. 1 . The mating scheme was designed to carefully control the amount and homozygosity of new Figure 1 . Overview of the breeding design used to produce the experimental groups. Squares denote males and circles denote females. Filled symbols indicate that individuals are potential carriers of mutations induced through induced mutations of the parental (P) generation. This mating scheme (both groups) was replicated 31 times. Individuals of the F3 generation were the measured subjects in the study. The expected genotype frequencies at autosomal loci in the F3 generation are given below the figure, assuming zero inbreeding coefficient for the parental generation. * Denotes pairing the male with an unrelated female within the same treatment (Induced mutations or Control).
mutations in the Induced Mutations treatment, and the same mating scheme was used for flies from the Control treatment to separate the effects of new mutations from the effects of standing genetic variation in the population. First, males from Induced Mutations and Control treatments (P-generation males) were mated to stock females to produce the F1 generation. Only males were irradiated, because irradiation of females was expected to cause non-genetic maternal effects that would be difficult to disentangle form genetic effects in the offspring. F1 females were then mated to stock males to produce F2 families. (In the Induced Mutations treatment, individuals in F2 families carry new mutations that are all identical by descent, whereas F1 individuals may carry mutations in homologous chromosomes that are not identical by descent. This is why we inbred F2, not F1 individuals (see below)). F2 males were mated to their sisters to obtain inbred F3 families, and also to females from a different family (within mutation manipulation treatment) to obtain outbred F3 families. The order of F2-matings (within-and between-families) was randomized. The F3 flies from the Induced mutations treatment had the same number of mutations, but differed in homozygosity (see fig. 1 ). In the Control treatment, the same mating protocol was followed, with the only difference that the P-generation males were from the Control treatment (non-irradiated). F3 flies are the measured subjects of the study. At the age of 16-25 days from eclosion, we weighed one F3 male and one F3 female from each of the F3 families, and measured their resting metabolic rate in an open flow respirometry system (for details of the system see: Ketola & Kotiaho, 2009) . After short acclimation in the measurement chamber (after visually inspecting that the fly is inactive and CO 2 level settled), the resting metabolic rate, as defined in Hochachka & Somero (2002, p. 27) , was measured during five minutes at 19°Celsius, which is also the temperature where the fly stock has been maintained. Respirometric measurements were made between 10 am and 5.30 pm.
Data analysis was performed with SPSS (v. 16.0, SPSS Inc., Chicago, IL, USA). Two outliers were omitted from the analysis (very light inbred females with very low metabolic rate; note that inclusion of these flies in the analysis would strengthen the main conclusions, see below). Sexes were analyzed separately. The effect of induced mutations and inbreeding on body mass was analyzed with ANOVA. The effect of induced mutations, inbreeding and body mass on standard metabolic rate was analyzed with ANCOVA, with body mass as a covariate. In all analyses, body mass and metabolic rate were log 10 -transformed. To allow interpretation of factorby-covariate interactions, factors and covariates were transformed to a mean of zero by subtracting the mean from the values (Hendrix et al., 1982) . Final models were obtained by stepwise removal of the least significant variables, starting with the highest order interactions (e.g., Hendrix et al., 1982) . The best models were determined by log-likelihood ratio tests. Regions of significance in covariate-by-factor interaction were determined using the Johnson-Neyman procedure, implemented in SPSS, as described in Hayes & Mathes (2009) . In addition to correcting the inequality of variances and non-normality of distributions, the log 10 -transformation allows straightforward interpretation of linear model results concerning metabolic scaling. On a log-log scale, the metabolic scaling function has the linear form log(R) = log(a) + b log(M), where the scaling exponent b describes the effect of body mass on metabolic rate. A significant interaction effect between genetic manipulation and body mass on metabolic rate reveals the effect of the genetic manipulation on the metabolic scaling exponent b.
Results
Body mass was not significantly affected by inbreeding, induced mutations, or their interaction in either males or females (tables 1 and 2). For males, there was a tendency for higher metabolic rate with larger body mass (b = 0.578, s.e. = 0.311, P = 0.067), but inbreeding did not affect metabolic rate alone nor in interaction with body mass (tables 2 and 3; fig. 2a ). For females, both body mass and the inbreeding-by-body mass interaction had a significant effect on metabolic rate. On average, the resting metabolic rate increased with increasing body mass (both log 10 transformed) (b = 0.728, s.e. = 0.220, P < 0.001), but for inbred females the slope was steeper (b = 1.236, s.e. = 0.311, P < 0.001) than for outbred females (b = 0.216, s.e. = 0.273, P = 0.432). The region of significant (P < 0.05) differences between inbred and outbred females in metabolic rate was below body masses of 2.218 mg and above body masses of 3.288 mg (see fig. 2b ). Since only few data points fall below the lower margin, most of the significant differences in metabolic rates occurred at large body masses.
Discussion
Inbreeding had no effect on body mass in either sex. However, inbreeding affected metabolic scaling of females by increasing the energy use of larger individuals (see fig. 2 ), suggesting that selection has favoured low mass-specific energy use (i.e., energetic efficiency) in large females. In resource-limited environments, efficient energy use is of obvious selective advantage (Parsons, 2005; Ketola & Kotiaho, 2009; Köhler & Moyà-Solà, 2009 ), and energetic efficiency may be especially important for large individuals (Blanckenhorn, 2000) . Given a history of high adult densities and poor resource availability from eclosion to sexual maturity, and that fecundity in insects is generally highly dependent on body size (Honěk, 1993) , the finding that inbreeding compromises metabolic efficiency of large females is not unexpected. Inbreeding did not affect metabolic scaling of males, possibly reflecting differential selection on the size-dependent energy use of the sexes. Indeed, in contrast to females, body size of D. montana males is not under directional selection (Hoikkala et al., 2005) . Inbreeding has been observed to modify the relationship between body mass and metabolic rate also in male decorated crickets Gryllodes sigillatus, where inbreeding increased metabolic rates of large individuals (Ketola & Kotiaho, 2012) . Table 2 . Effects of induced mutations and inbreeding and their interaction on body mass (log 10 -transformed) and effects of induced mutations, inbreeding, body mass (log 10 -transformed) and their interaction on resting metabolic rate (log 10 -transformed) in male and female Drosophila montana flies. Models were chosen by log-likelihood ratio tests. The best model for body mass, in both sexes, contained only the intercept, and is not shown.
The strength of the inbreeding method utilized here relies on the fact that selection effectively removes alleles that reduce fitness, unless they are highly recessive. Inbreeding reveals recessive deleterious alleles, causing phenotypes to change to the direction that characterizes evolutionarily suboptimal individuals. Available evidence from insects suggests that inbreeding increases the expression of genes involved with cellular maintenance, stress responses, and metabolic processes (Kristensen et al., 2005; Pedersen et al., 2008) that could also underlie the observed changes in metabolic scaling. We found no effect of our other quality manipulation, radiation-induced mutations, on body mass, metabolic rate, or metabolic scaling in Drosophila montana. The induced mutations-treatment was earlier shown to reduce the fertility of irradiated males by one half (Pekkala et al., 2009 ), but effects on fitness of offspring were found to be non-existent or negligible (Puurtinen, Mazzi & Kotiaho, unpublished results). It is highly probable that most of the induced mutations were embryonic lethals and were purged already in the F1 zygotes. The early purging of the induced mutations is a plausible explanation for the lack of mutational effects in the F3 individuals measured in this study. Alternatively, it is figure) . The space between the two vertical dashed lines in panel B corresponds to the body mass interval within which inbred and control groups do not differ in their metabolic rates significantly (P > 0.05) in their metabolic rates. In males inbred and control treatments did not differ in metabolic rates and thus vertical lines were not drawn.
possible that irradiation did not cause mutations in the germ line, which could render this manipulation ineffective. Artificial selection experiments have suggested that, in general, the intercept, but not the slope of allometries, can be changed by selection (Eggset et al., 2012) . Response to artificial selection requires additive genetic variation for the trait, and traits that are under directional selection are expected to harbour little additive genetic variation. Results from artificial selection experiments thus suggest that slopes, but not intercepts, have been under strong directional selection. This interpretation would be in line with our results, since traits that have been under directional selection are expected to have lost additive genetic variation, but to exhibit significant inbreeding depression due to directional dominance (DeRose & Roff, 1999) . Therefore, based on inbreeding effects on metabolic scaling the metabolic scaling seems to be under natural selection, rather than being fully fixed by physiological first principles (see also Ketola & Kotiaho, 2012) .
Male metabolic rate was only tentatively (P = 0.067) affected by body mass, and in this respect our results match the findings of Van Voorhies et al. (2004) who did not detect significant effects of body mass on metabolic rate in Drosophila melanogaster males, whereas Berrigan & Partridge (1997) found clear effects of body mass on metabolic rate in males. The weak effects of body mass on metabolic rate could be because of small sample size, or low variation in metabolism and body mass, both of which hinder drawing accurate correlations between the traits (see also Van Voorhies et al., 2004) . However, the fact that body mass might not accurately reflect currently metabolically active tissues in males, which could cause metabolic rates to be weakly affected by body mass, is also a viable explanation for our results (Konarzewski & Diamond, 1995; Ketola & Kotiaho, 2009 ).
To summarize, we found evidence that selection has favoured a low metabolic scaling coefficient in D. montana females. This is, to our knowledge, one of the first studies reporting evidence for selection acting on intraspecific metabolic scaling. The important corollary of our findings is that at species level, metabolic scaling is, at least to some extent, moulded by selection favouring combinations of traits that yield maximal fitness under prevailing ecological circumstances (Kozlowski & Weiner, 1997; Artacho & Nespolo, 2009; Ketola & Kotiaho, 2009 ). In broader perspective, our study suggests that research drawing on principles of evolution by natural selection within species can provide fresh and constructive insights to the study of metabolic scaling patterns.
